Introduction
Anodic stripping voltammetry (ASV) is a highly sensitive method for determining trace-level metal ions that utilizes an electroplating step to preconcentrate a metal. ASV has mainly been applied in the field of environmental analysis, for instance for monitoring heavy-metal ions (Cd 2+ , Pb 2+ etc.) in rivers. Recently, the use of ASV has been extended to biological sample analysis with biomolecular probes labeled with quantum-dot nanocrystals containing heavy metal for enhanced electrochemical detection.
For example, electrochemical determinations of DNA hybridization [1] [2] [3] and immunoassay 4,5 using the ASV technique have been realized by labeling a DNA probe or antibody with metal particles. Although ASV is a well-known classical electrochemical technique, it has continued to attract a lot of attention as an important and powerful technique because of its high sensitivity combined with simplicity.
The selection of the working electrode material is crucial as regards the sensitivity, detection limit, reproducibility, stability and selectivity of ASV analysis. In the past, a mercury electrode was preferred for ASV because of forming an amalgam with various metals and its low noise current in the cathodic potential range. However, it is now recommended that mercury not be used to construct commercial analysis system. Therefore alternative electrode materials for ASV have been investigated, including Bi, 6 Ir, 7 Au, 8 Pt, 9 and carbon materials. Carbon electrodes, such as graphite and glassy carbon (GC) electrodes, have certain advantages in that they are inexpensive, non-toxic and have a wide potential window in the cathodic potential range compared with metal electrodes, owing to their large hydrogen overpotential. However, they have poor sensitivity in ASV, and metal-coated heterogeneous carbon electrodes have been developed to overcome this problem. 10, 11 Well-ordered nanostructured carbon materials (diamond, graphene, carbon nanotubes) have recently attracted interest owing to their potential for use in a number of applications including as electrode materials for ASV. 12 Carbon nanotube modified electrodes have been reported for the ASV determination of Hg 2+ , Pb 2+ and As 3+ ions, and a large stripping current was obtained because of the strong sorption properties of carbon nanotubes. 13 A hybridized nanocrystalline carbon film electrode consisting of sp 2 and sp 3 bonds was investigated to reveal the reduction properties of Cd 2+ and for application as a highly sensitive and reliable electrochemical immunoassay. Conductive nanocrystalline carbon film consisting of about 60% sp 2 and 40% sp 3 bonds was fabricated using electron cyclotron resonance (ECR) sputtering equipment, and then the Cd 2+ concentrations were measured with an ECR sputtered carbon (ECR nano-carbon) electrode by employing an anodic stripping voltammetry (ASV) technique. The preconcentrated Cd was analyzed with Kelvin probe force microscopy and energy dispersive X-ray spectroscopy while observing the morphology change with an atomic force microscope and a scanning electron microscope. The preconcentrated Cd on the ECR nano-carbon electrode was revealed to be a thin sheet structure, which was significantly different from the Cd on a conventional carbon material that grows with a coralloid structure. The background current during an ASV measurement maintains a low level equivalent to that found with boron-doped diamond because the surface of the ECR nano-carbon is robust and angstrom-level flat. The carbon-electrode performance for ASV was improved by controlling its structure at a nanometer scale without any metal doping or coating. Finally, the ECR nano-carbon was used for biomolecular determination by electrochemical immunoassay with a CdSe nanoparticle label. Electrochemical immunoassay results were successfully obtained with the ECR nano-carbon, and they correlated well with fluorescence results obtained for CdSe nanoparticles. graphene-Nafion film has been reported for Ca 2+ , 18 Pb 2+ and Cd 2+ 19 measurements. Since diamond exhibits low conductivity, heavily boron doped diamond has been well studied as an electrode material for ASV measurements. Several researchers have reported improved ASV performance with a boron-doped diamond electrode because this electrode has excellent properties, such as a wide potential window and a low capacitive current. [20] [21] [22] [23] [24] Sp 2 hybridized carbon electrodes, such as graphene and nanotubes, help to enhance the ASV current because of their high activity for reducing metal ions to preconcentrate. In contrast, a boron-doped diamond electrode, which mainly consists of sp 3 bonds, has an advantage in that it has a low background current that allows it to achieve a low detection limit, although the electron transfer rate is slower than that of a conventional carbon electrode.
Therefore, metal-coated heterogeneous boron-doped diamond electrodes have recently been reported with a view to obtaining many active sites for the preconcentration of heavy metal ions on an electrode surface while maintaining a low capacitive current. 25, 26 A new carbon film, called ECR nano-carbon, which consists of nanocrystallites with mixed sp 2 and sp 3 chemical bonds fabricated using electron cyclotron resonance (ECR) sputtering equipment, was recently reported by one of the authors. 27 ECR nano-carbon has properties that are different from carbon nanotubes, graphite and diamond, because it has a wide potential window, a low capacitive current and high conductivity without doping, as shown in Fig. 1 . In addition, the ECR nano-carbon surface has a tunable sp 2 /sp 3 ratio, and exhibits angstrom-level flatness. The oxidation currents of all the nucleobases (adenine, thymine, guanine and cytosine) have been clearly observed, 28 and the non-label electrochemical detection of DNA methylation 29 and SNP coding 30 at oligonucleotides on ECR nano-carbon have also been reported. We mainly focused on DNA oxidation with a high oxidation potential in our previous work because ECR nano-carbon has electrochemical advantages of a wide potential window in the anodic potential range and high oxidative activity for nucleobases.
In this paper, we report on the ASV performance of ECR nano-carbon and its application to an electrochemical immunoassay for the first time. This is a significant step in improving the electrochemical immunoassay performance with a pure carbon material that is achieved by aligning its nano-ordered film structure without any doping or coating. To clarify the characteristics of ion reduction in ASV, we revealed the activity on the electrode surface using Kelvin probe force microscopy (KFM), while observing the morphological changes with an atomic force microscope (AFM). Finally, we undertook electrochemical measurements of tumor necrosis factor-α with a fluorescent CdSe nanoparticle labeled antibody, and compared the results with the fluorescence intensity to clarify the performance of the biomolecular determination technique.
Experimental

ECR nano-carbon film preparation
An ECR sputtering machine (Aftex 3400) was used to fabricate an sp 2 and sp 3 hybridized ECR nano-carbon film, as previously described, 27 but with certain modifications, as outlined below. In this work, the bias voltages of the ions irradiation were 75 or 120 V. The 40 nm thick ECR nano-carbon film was deposited on a silicon wafer. The conductivity is from 20 to 38 S/cm. The nanocrystalline structures of ECR nanocarbon were confirmed using a high-resolution transmission electron microscope (TEM) (Hitachi High Technologies, H-9000), and an X-ray photoelectron spectroscope (XPS) (Shimadzu/Kratos, Model AXIS Ultra) equipped with a monochromatized Al Kα X-ray device (1486.6 eV).
Electrochemical measurement of Cd
2+
Electrochemical measurements were performed using a potentiostat (Model 660C, CH Instruments, Austion, TX). We used a three-electrode configuration throughout the experiment, and employed an ECR nano-carbon electrode (2 mm diameter) or a conventional GC (3 mm diameter) (BAS, Tokyo, Japan) working electrode, a platinum counter electrode and a Ag-AgCl (saturated with KCl) reference electrode.
The ASV for Cd 2+ analysis was carried out as follows. First, the potential of the working carbon electrode was held at less than -1.0 V to preconcentrate the Cd metal on the carbon electrode surface, while the sample solution was being stirred. The sample solution was diluted from a standard stock solution with 0.2 M acetate buffer (pH 5.0). The preconcentration potential was varied from -1.0 to -2.0 V to reveal the ASV performance. The preconcentration time was varied from 60 to 240 s. Then, we stopped stirring the sample, and carried out square-wave voltammetry using a 2-mV step height, a 25-mV amplitude, and a 50-Hz frequency to a potential of 0.6 V.
Surface analysis using KFM, AFM, SEM and EDX
The surfaces of an ECR nano-carbon electrode and a GC electrode were analyzed as follows. Surface images of the potential and morphology of a carbon electrode were obtained simultaneously with a Nanosearch SFT-3500 (Shimadzu, Kyoto, Japan), which can perform an analysis in a dual KFM and AFM mode. During scanning, DC bias was applied to the cantilever to nullify the electrostatic interactions between the cantilever and the sample electrode, which corresponded to the surface potential under the cantilever.
Scanning electron microscope (SEM) images were obtained using a Hitachi S-4800 and S-3500 (Hitachi High Technologies, Tokyo, Japan) equipped with an energy dispersive X-ray (EDX) spectroscope. The acceleration voltage for the observation was 5 kV. EDX spectra were obtained while observing the sample with a SEM to distinguish deposited Cd from the bare carbon surface on the electrode surfaces. By means of the above surface analysis, sample electrodes were prepared via the preconcentration of 10 or 100 ng/mL Cd 2+ for 240 s at a potential of -1.3 V on carbon electrode surfaces. The electrodes were rinsed with distilled water, and then dried in a nitrogen gas flow. Figure 2 shows procedure of electrochemical immunoassay with CdSe. The procedure is referred to the method reported previously, [3] [4] [5] but with modifications. Tumor necrosis factor-α (TNF-α) was chosen as a test target for immunoassay. First, a 96-well micro titer plate was modified with an anti TNF-α antibody (Mabtech, Cincinnati) as a capture antibody overnight in a refrigerator. After rinsing each well twice with 300 μL of Dulbecco's phosphate buffered saline (PBS), 50 μL of 0 -10 μg/mL TNF-α in an incubation buffer was added to each well, and incubated for 1 h at 37 C. After rinsing with washing buffer, 50 μL of 1 μg/mL biotinylated anti TNF-α antibody was added to each well, and then the wells were incubated for 2 h at 37 C. After rinsing, 50 μL of 20 nM streptavidin-CdSe nanoparticle conjugate (Invitrogen) was added, and the well was incubated for 1 h at 37 C. After rinsing, fluorescence results from the CdSe nanoparticles at 605 nm in each well were obtained using a microplate spectrofluorometer (Model Spectramax Gemini XPS, Molecular Devices Inc.). Next, CdSe nanoparticles were dissolved by adding 300 μL of 1 M HCl, and the solution was collected into a glass vial. We repeated this three times. Then, 900 μL of the HCl solution containing Cd 2+ was diluted to a total volume of 10 mL with 9.1 mL acetate buffer for electrochemical measurements. Finally, the Cd 2+ concentration in the sample solutions was measured using the ASV technique with an ECR nano-carbon electrode and a conventional GC electrode. The preconcentration time and preconcentration potential of the ASV were 240 s and -1.3 V, respectively. Other ASV conditions were the same as those used for the above-mentioned Cd 2+ measurement. Two buffer solutions were prepared for the immunoassay. One was PBS containing 0.05% Tween 20 as a washing buffer; the other was PBS containing 0.05% Tween 20 and 0.1% bovine serum albumin as an incubation buffer.
Immunoassay procedure
Results and Discussion
Lattice structure of ECR nano-carbon
The nanocrystalline structures of ECR nano-carbon were confirmed using TEM and XPS as follows. From top views of the TEM images in Figs. 1(A) and 1(C) , the ECR nano-carbon consists of 2 -5 nm scale crystallites whose lattice fringes are parallel or curved. Furthermore, as shown in the cross-sectional TEM images (Figs. 1(B) and 1(D) ), the graphene-like sheet structures are vertically oriented to the electrode surface. The oriented structures became clearer as the acceleration voltage between the target and the wafer increased during sputtering. Since it has already been confirmed that the sp 2 /sp 3 ratio increases as the acceleration voltage increases from 75 to 120 V, the sp 2 bonds would contribute to the oriented sheet structure. The ECR nano-carbon sputtered at 75 V was mainly used for the electrochemical determinations described below because of its diamond-like hardness. 27 Unfortunately, the ECR nano-carbon sputtered at 120 V became slightly friable. The sp 2 /sp 3 ratio of the ECR nano-carbon sputtered at 75 V was 1.425 based on C 1s spectra obtained with XPS, 31, 32 which means the ECR nano-carbon surface consists of about 60% sp 2 bonds and 40% sp 3 bonds.
Morphological changes on ECR nano-carbon surface
In ASV measurement, analyte ions are preconcentrated at a negative potential to form solid metals from a sample solution onto an electrode surface, and then the preconcentrated metals are oxidized. The nature of electrode surface is considered to be crucial to ASV-based immunoassay performance; therefore the morphological change of the electrode surface was investigated while the preconcentration by SEM, AFM and KFM measurements were as follows. Figure 3 (A) shows a SEM image on the surfaces of ECR nano-carbon after preconcentration of Cd 2+ , which is a label for an electrochemical immunoassay. An SEM image on a conventional GC electrode is also shown for comparison in Fig. 3(B) . The Cd deposition on the conventional GC electrode was easily observed, because large Cd grains were deposited in coralloid clumps, as shown in Fig. 3(B) . This preconcentrated form is same as in previous SEM reports. 33, 34 In contrast, no morphological changes were observed on the ECR nano-carbon when the Cd 2+ concentration was less than 10 ng/mL with a 240-s preconcentration time, although Cd was certainly confirmed to be preconcentrated on the ECR nano-carbon under this condition with an ASV measurement conducted later. When more than 100 ng/mL Cd 2+ was preconcentrated, a slight morphological change was observed on the ECR nano-carbon, as shown in Fig. 3(A) . The slightly brighter regions in Fig. 3(A) were assigned to be Cd depositions by EDX spectra. Figure 4 shows images of simultaneous AFM and KFM measurements on an ECR nano-carbon electrode and a GC electrode before and after Cd preconcentration. An extremely flat surface image at the angstrom level was observed with an AFM on the (A) ECR nano-carbon without Cd 2+ preconcentration, which is the same as in our previous reports. 28 In this paper, we provide KFM images of an ECR nano-carbon surface for the first time. The KFM images indicate surface potential, therefore small amount of Cd deposition on carbon material can be observed with high sensitivity even if there is little morphology change. The local electronic properties of the ECR nano-carbon without Cd was extremely uniform in spite of the sp 2 and sp 3 hybridized structure, as shown in Fig. 4(D) . In a previous report concerning a diamond surface, a potential difference of 20 mV Fig. 4 In situ AFM and KFM images of surfaces of an ECR nano-carbon and a GC electrode. Cd 2+ was preconcentrated in solutions of 10 or 100 ng/mL Cd 2+ by applying -1.3 V for 240 s.
was observed on the two sides of the grain boundaries because of the difference in the crystalline domains. 35 The variation in the surface potential across the ECR nano-carbon was less than 4 mV, and no great difference was observed in the potential across the KFM image. This is because sp 2 -and sp 3 -carbons hybridize on a single nanometer scale, as shown in Fig. 1 , which is smaller than the present KFM resolution.
Some nucleation was observed on both (B) ECR nano-carbon and (H) GC in the AFM images when Cd was preconcentrated at 10 ng/mL Cd 2+ . Also, some potential increase region (yellow, red in KFM images) was observed on both (E) ECR nano-carbon and (K) GC, which correspond to Cd nucleation. By increasing the Cd 2+ concentration to 100 ng/mL, Cd was further deposited on both electrodes, as shown in Figs. 4(C), 4(F), 4(I), 4(L). However, the changes in the surface morphology of the (C) ECR nano-carbon and the (I) GC were significantly different. The Cd was deposited on the ECR nano-carbon with a sheet structure that was about 10 nm thick; this distinctive structure is similar to the barely visible images observed with SEM, and shown in Fig. 3(A) . Meanwhile, huge Cd grains with typically a several tens of nanometer height were observed on the GC in (I) AFM and (L) KFM images. Furthermore, there were many more potentially unchanged areas (blue in KFM images), which correspond to a bare carbon surface. This suggests that the GC surface is microscopically heterogeneous in terms of electrochemistry. In fact, extremely active sites for Cd 2+ reduction are scattered on GC surface, though they are localized. In contrast, the relatively uniform Cd deposition on the ECR nano-carbon means that the active sites are uniformly dispersed. Some researchers have reported that the heavy metal reduction on carbon material occurs at the edge plane of sp 2 , rather than at a basal plane by using highly oriented pyrolytic graphite. 36, 37 We could also confirm by using a high-resolution TEM that sheet structures are vertically oriented to the electrode surface in the ECR nano-carbon film, as shown in Fig. 1 . This orientation would provide that active sp 2 edge planes appear uniformly on the ECR nano-carbon surface.
Anodic stripping voltammetric behavior of ECR nano-carbon
Figure 5(a) shows calibration curves for Cd 2+ measurements with an ECR nano-carbon electrode. The deposition potential was -1.3 V, which was optimized by changing the potential, as shown in Fig. S1 (Supporting Information). The peak current deceased as the preconcentration potential decreased when the potential was less than -1.4 V at both electrodes in Fig. S1 . This suggests that less Cd was deposited on the electrode during the preconcentration time as a result of the competitive generation of hydrogen, as mentioned in previous reports. 26, 34 Linear increases in the ASV peak were observed as the metal concentrations increased over a wide dynamic range with Fig. 4(a) . Each inset shows y-axis enlarged voltammograms for 5 ng/mL Cd 2+ . correlation coefficients of 0.976 in Fig. 5(a) . The lowest concentrations actually observed in the voltammograms were 0.3 ng/mL on the ECR nano-carbon electrode. Based on three-times the background noise from each slope, the detection limits were around 0.1 ng/mL (ECR nano-carbon) and 2 ng/mL (GC). A one order of magnitude lower detection limit was obtained for ECR nano-carbon than for GC. This is because a low-noise ASV measurement was achieved in the cathodic potential range as a result of the low capacitive current because ECR nano-carbon has few catalytic sites for dissolved oxygen reduction. 28 Wide variations in the measurement conditions (preconcentration time, analyte concentration, stirring or non-stirring) were employed by other researchers. Therefore, the current density per Cd 2+ concentration and the preconcentration time of our ECR nano-carbon were compared as follows with those of other carbon materials described in previous work performed under similar measurement conditions (square wave voltammogram, Cd preconcentration with stirring). This was because the current density is proportional to both the Cd 2+ concentration and the preconcentration time ( Supporting  Information, Fig. S2 ). The value on the ECR nano-carbon was 0.745 μA/cm 2 ·ng/mL·min, which is 32-times larger than that for a boron-doped diamond (0.023 μA/cm 2 ·ng/mL·min). 38 This is because the ECR nano-carbon contains around 60% sp 2 -carbon, which effectively induces metal reduction. In contrast, the value on a conventional sp 2 dominant electrode (for example, 1 carbon nanotubes; 3.82 μA/cm 2 ·ng/mL·min) is larger than that of our ECR nano-carbon. This is mainly due to the large electrode surface and the high reducing activity of a carbon nanotube electrode. However, it also caused an increase in the background current owing to the large capacitance. Since the capacitance of the ECR nano-carbon was around 10 μF/cm 2 , which is almost equivalent to that of boron doped diamond (4 -8 μF/cm 2 ), 39, 40 an improvement in the activity for Cd 2+ ion reduction while maintaining a low noise current was achieved using ECR nano-carbon as a pure carbon material without any doping. In addition, the ECR nano-carbon can be fabricated by using a sputtering method with a high throughput. This gives them an advantage over the previous heterogeneous electrodes composed of metal or with a metal coating.
The half-width of the ASV peak is related to the uniformity of the electrode surface. The half-width of the ASV peak for 100 ng/mL Cd 2+ on ECR nano-carbon was 52 mV from Fig. 5(b) . This value is comparable to that for conventional GC (58 mV) shown in Fig. 5(c) ; however, it is greater than that on a homogeneous Hg electrode (around 40 mV). 11, 41 The half-width broadens as the Cd 2+ concentration decreases. For example, the half-widths were 124 mV for the ECR nano-carbon, and 202 mV for the GC when 5 ng/mL Cd 2+ was measured, as shown in the insets in Figs. 5(b) and 5(c). Thus, the difference in the half-width between the ECR nano-carbon and the GC widens in a low concentration range. One possible explanation for the broad ASV peak in the low concentration range is that Cd metal is oxidized at two different sites on an electrode; one is carbon, and the other is Cd. In the high concentration range, the ASV peak is dominantly derived from the Cd metal because the amount of Cd that can be directly deposited on a carbon surface is limited. However, the ratio of "Cd on carbon" to "Cd on Cd" increases as the concentration decreases. As a result, the difference between the surface homogeneities becomes clear. The fact that the ASV peak for ECR nano-carbon is sharper than that for GC implies that the surface of the ECR nano-carbon is more homogeneous than that of the GC in spite of the sp 2 and sp 3 mixed structure. The ASV results regarding surface homogeneity are consistent with results of surface observation in Figs. 3 and 4. The sharp ASV peak is advantageous to trace level measurement, i.e., highly sensitive measurement of electrochemical immunoassay.
Electrochemical immunoassay on ECR nano-carbon
Finally, ECR nano-carbon was used for biomolecular determination by immunoassay with CdSe nanoparticles, which has recently attracted attention as an ASV application. Figure 6 shows the immunoassay results for TNF-α, which is known to be a disease marker in blood, obtained by ( ) ASV on the ECR nano-carbon, ( ) ASV on GC and ( ) fluorescence measurements. Increases in both current density and fluorescent intensity were observed as the TNF-α concentration increased. These increases are consistent with the increase in the number of CdSe nanoparticles as a result of sandwich-type immunoassay. The ASV data on GC ( ) were also obtained in the TNF-α range above 100 ng/mL. However, no ASV peak appeared at low TNF-α concentrations of below 10 ng/mL because the inferred peak current was only a few μA/cm 2 , which is less than the detection limit of the GC electrode. A satisfactory correlation efficiency of 0.988 was obtained between the ASV results for ECR nano-carbon and the fluorescence. The ASV peak of Cd was known to be unaffected by the presence of Se 2-. 43 Although we used CdSe particles to calculate the correlation efficiency with the fluorescence results in this paper, labeling with a low toxic metal, such as Ag particles, would be more suitable in terms of dealing with health concerns in the future. The successful determination of biomolecules using ASV on ECR nano-carbon along with the good correlation with the fluorescent results reveals the potential for realizing a highly sensitive portable sensor because ASV on ECR nano-carbon has inherent advantages of high cost-performance, low power and ease of miniaturization.
Conclusions
An ECR nano-carbon, sp 2 and sp 3 hybridized nanocrystalline carbon film fabricated with an electron cyclotron resonance sputtering machine, was investigated as a working electrode for electrochemical immunoassay using ASV technique. SEM, TEM, AFM and KFM techniques clearly indicate that the active sites on the ECR nano-carbon are uniformly dispersed compared to GC. The Cd 2+ concentration as a label of immunoassay was successfully measured with a high signal-to-noise ratio for ECR nano-carbon as a pure carbon material without any doping or coating. This was achieved because ECR nano-carbon has a surface that is electrochemically homogeneous and is sp 2 rich and angstrom-level flat. The results obtained here with an ECR nano-carbon electrode reveal its potential for use as an electrode material for ASV and electrochemical immunoassay because of its high activity, low background current, low cost and mass-producibility.
